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A method for decoding a Low Density Parity Check code. At
cach decoding iteration, as long as the syndrome of the
estimated word indicates an error, a set (F) of the least
reliable bits of the word 1s determined as those where the
value of a local energy function (E, ) is less than a threshold
value. The local energy value of a bit includes a first
component proportional to the correlation between this bit
and a sample corresponding to the observed signal, a second
component representing the number of non-satisfied con-
straints wherein the bit acts, and a third component decreas-
ing with the number (£ ) of iterations made since the last
tlipping of this bit. The bits of the estimated word belonging
to this set are flipped, where applicable with a predetermined
probability, to provide a new estimated word at the follow-
ing iteration.
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METHOD FOR DECODING
INERTIA-EFFECT BIT-FLIP LDPC CODES

TECHNICAL FIELD

The present invention relates 1 general terms to LDPC
(Low Density Parity Check) codes and more particularly
decoding methods of the so-called GDBF (Gradient Descent
Bit Flipping) type. It 1s 1n particular applicable to commu-
nication systems or data-recording systems using LDPC
codes.

PRIOR ART

LDPC codes, mitially introduced by R. Gallagher 1n his
article enfitled “Low density parity check codes™ published
in IEEE Trans. Inform. Theory, vol. I'T-8, pages 21-28, 1962,
are now used 1n a large number of communication standards
such as G.hn/G.9960 (ITU-T standard for power-line, tele-
phone-line and coaxial-cable communications), IEEE
802.3an (10 Giga-bit/s Ethernet on twisted pair), IEEE
802.16e (WIMAX standard for microwave communica-
tions), IEEE 802.11n-2009 (Wi-F1 standard), CMMB (China
Multimedia Mobile Broadcasting), DVB-S2/DVB-T2/
DVB-C2 (Digital Video Broadcasting, 2" generation),
DMB-T/H (Dagital video broadcasting), DOCSIS 3.1 (Data
Over Cable Service Interface Specification), or 3G-NR
(New Radio, 5 generation).

A large number of methods for decoding LDPC codes are
known from the prior art. A first iterative decoding method,
known as bit flipping (BF), originally proposed by R.
Gallagher by way of example, 1s particularly simple but does
not make 1t possible to obtain good performance in terms of
error rate as a function of the signal to noise ratio. It was
quickly supplanted by an 1terative decoding method known
as message passing or MP, more recently renamed belief
propagation (BP) decoding method. This method uses a
representation of an LDPC code by means of a bipartite
graph (Tanner graph), consisting of two separate subsets, a
first subset of nodes being associated with the bits of the
word to be decoded (referred to as variable nodes) and a
second subset of nodes associated with the constraints of the
code (referred to as control nodes), typically parity checks.
The decoding 1s based on a sequence of iterations, each
iteration 1nvolving exchanges of round-trip messages
between the variable nodes and the control nodes of the
graph. More precisely, a message transmitted by a variable
node to a control node represents the “belief” of the variable
node as to the value of the corresponding coded bits.
Conversely, the message transmitted by a control node to a
variable node represents the “belief” of the control node as
to the value of the coded bit corresponding to the destination
variable node. In practice, these messages are defined 1n
terms of probabilities, or logarnithmic likelihood ratios
(LLRs).

The BP decoding method has given rise to numerous
variants such as the “Sum-Product”, “Min-Sum”, “Min-
Max” etc. decoding algorithms. These methods make 1t
possible to obtain good performance 1n terms of error rate as
a function of the signal to noise ratio but are generally
intensive 1n terms of resources and computing time.

The emergence of communication requirements at very
high bit rate and/or low latency has given rise to a regain in
interest for bit-lip decoding methods. Recently, a BF decod-
ing method that 1s particularly attractive because of the
simplicity thereof was proposed in the article by T.
Wadayama et al. entitled “Gradient descent bit flipping
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2

algorithms for decoding LDPC codes” published in IEEE
Trans. on Comm., vol. 38 No. 6, June 2010, pp. 1610-1614.

BF decoding 1s formulated here 1n the form of an optimi-
sation problem and the code word, the solution to this

problem, 1s obtained by means of a gradient descent algo-
rithm. This decoding method, called GDBF (Gradient
Descent Bit Flipping) makes 1t possible to obtain substan-

tially better performance than the Gallagher BF decoding
method but nevertheless suffers from a major drawback
inherent 1n gradient descent algorithms when the cost func-
tion 1s highly non-linear, namely when the solution obtained
1s very often only a local minimum. In other words, the
GDBF decoding method 1s suboptimum 1n that 1t can
provide only a local minimum of the cost function (or a local
maximum of the objective function). Thus, the performance
thereof still remains inferior to decoding methods of the BP
type.

Different variants of the GDBF methods have been pro-

posed 1n order to remedy this problem of suboptimality, 1n
particular the PGDBF (Probabilistic GDBF) method and the

NGDBF (Noisy GDBF) method. These two methods are
based on the principle that adding a random noise 1n the
gradient descent makes 1t possible to depart from a local
optimum. As we shall see later, random noise 1s added at the
level of the decision rule for flipping the least reliable bits.

We shall present first of all the GDBF decoding method
before presenting the PGDBF and NGDBF variants thereof.

We consider an LDPC code defined by its Tanner graph
TG (or 1n an equivalent fashion by its parity matrix H, the
edges of the graph corresponding to the non-zero elements
of the matrix), said graph comprising N variable nodes and
M control nodes (each control node corresponding to a
parity equation or 1n an equivalent fashion to a row of the
matrix H). Hereinafter the set of control nodes connected to
the variable node n by an edge of the graph will be denoted
H(n) and all the variable nodes connected to the control node
m will be denoted H(m).

We shall suppose hereinafter that the symbols constituting
a code word are binary and represented by +1,—1, the bit “0”
being conventionally associated with the symbol +1 and the
bit “1” with the symbol —1. For example, the transmission
channel may be a binary symmetric channel or BSC, or a
bimmary channel disturbed by an additive white Gaussian
noise (AWGN).

A code word may be represented by a vector x of size N,
the elements of which belong to {1+1,—1}, satisfying the
parity equations, that is to say Hx=(+1, +1, . . ., +1)* with
the aforementioned conventions. A code word X 1s obtained
from an information word a by the equation x=a(G where G
1s the generating matrix of the code satisfying the equation
H-G’=0, where G’ is the transpose of the matrix G.

If y=(y,, ..., V) is noted, the observable representing
the word to be decoded (obtained for example by demodu-
lating the received signal or read from a recording medium),
the decoding in the sense of the maximum likelihood (ML
decoding) 1s equivalent to the search for the code word
x=(X,, . . ., X,)' having the maximum correlation with the
vector .

The GDBF decoding method defines, to do this, an
objective function, E(x), also referred to as an energy
function, by:

(1)

> ] =

N
E (J.:)D&'Z.rﬁ VY, +
n=1 m=1 nc Him)
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The first term of the objective function 1s none other than
the correlation (weighted by the coefficient ot>0) between
the vector x and the signal received, the second term
representing the sum of the syndromes of Xx. This second
term 1s maximum and equal to M when x 1s a code word. The
multiplying coefficient o controls the contribution of the
correlation term to the objective function. If the vector x*
that maximises the objective function 1s a code word, this 1s
necessarily the solution of the decoding 1n the sense of the
maximum likelihood.

The approach proposed 1n the aforementioned article by
T. Wadayama consists of maximising the objective function
E(X) (or, in an equvalent fashion, minimising the cost
function —E(X) using a variant of the gradient descent
algonithm). More precisely, an iterative algorithm 1s used
that minimises the cost function 1n successive directions. To

do this, a local energy function E_(X) 1s introduced, defined
by:

(2)

E,(x)Oax, v, + Z 1_[ X,

meH (1) n’ cHim)

The first term relates to the correlation along the X axis X,
the second term 1s a sum of syndromes relating to all the
variable nodes, connected to the variable node x, by a parity
equation.

For reasons of simplification, the local energy function
E_(x) 1 the direction x will hereinafter be denoted E, . At
each decoding 1iteration, a set F of the unreliable bits 1s
defined. These bits are those the local energy of which 1s
lower than a predetermined threshold, E,,. In other words,
the bits weakly correlated with the received signal and
corresponding to a high probability of error are selected as
having to be flipped. More precisely:

FILRx | E 2K}

(3)

When the channel 1s a binary symmetric channel (BSC),
it has been proposed to take as a threshold value:

Eg = min (Ey) 4)

n=1,... N

In other words, the set F then consists, at each iteration, of
the bits minimising the local energy function.

Alternatively, 1t has been proposed to use a fixed or
adaptive threshold value, then dependent on the index of the
iteration.

FIG. 1 shows schematically the flow diagram of a GDBF
decoding method for decoding an LDPC code.

The main steps of the decoding method have been sum-
marised therein.

At the step 110, a first estimation 1s made of the code word
X from an observable y representing the word to be decoded.

For example, 1f the vector y has as its elements log likeli-
hood ratios (LLLRs),

Prix,=+1|r)
Prix,=-1|r) "’

yn = log =1,...,N

it will be possible to simply estimate the elements of x by
X, =sgn(y ) where n=1, . . ., N and sgn(y,) 1s the sign of
ya(sgn(y,)=+1 1t y,>0 and sgn(y,)=1 1if y, <0).
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Next an 1terative decoding loop 1s entered.
First of all at 120 a calculation 1s made of the syndrome
of X, 1n other words of

l_[ x,,m=1,... , M.

neHim)

It 1s checked at 130 whether the syndrome 1s zero, 1n other
words here whether each of the parity equations 1s satisfied:

]_[ X,=+1.Ymell,... . M),
neH(m)

If so, the decoding algorithm stops by supplying the code
word x at 135.
If not, 1t 1s determined at 140 whether the maximum

number of iterations has been reached. If such 1s the case, the
algorithm stops at 145 by providing an error indication.

On the other hand, if the maximum number of iterations
1s not reached, the local energy values E,_, n=1, ..., N are
calculated at 150.

The set F of bits to be flipped 1s deduced therefrom at the
step 160. To do this, the bits the local energy values of which
are lower than a threshold value E,, are determined, as
explained above.

At the step 170, the bats of the set F are flipped, 1n other
words X, =—x , VX €F and then a new 1teration 1s 1mple-
mented by returning to the step 120.

As 1ndicated previously, the drawback of the GDBF
decoding method lies 1n the presence of a large number of
local extrema (local minima of the cost function or local
maxima of the energy function). The behaviour of the
decoder being purely deterministic, 1t may then run through
indefinitely (1in the absence of any stop criterion relating to
the number of iterations) a sequence of local extrema or even
remain locked on one of them.

The PGDBF and NGDBF methods remedy this difficulty
by mntroducing a randomisation mechanism in the determi-
nation of the bits to be flipped.

The PGDBF method was described 1n the article by O. Al
Rasheed et al. entitled “Fault-tolerant probabailistic gradient-
descent bit flipping decoder”, published in IEEE Comm.
Letters, vol. 18, no. 9, pp. 1487-1490, 2014.

It consists, as 1n the GDPF method, 1n determining, at
each 1teration, the set F of bits the local energy of which 1s
below a predetermined threshold value and then flipping
each of the bits of F with a probability 0<p<1, p being a

parameter of the algorithm.
The NGDBF method was described 1n the article by G.

Sundararajan et al. entitled “Noisy gradient descent bit-flip
decoding for LDPC codes”, published in IEEE Trans. on

Comm., vol. 62, no. 10, pp. 3385-3400, 2014.
In this method, the randomisation 1s introduced in the
determination of the set F itself, this then being defined by:

F={x |EA+Z<E,} (5)

where Z [IN(0,6°) is a centred Gaussian random variable of

variance G-, 6~ being a parameter of the algorithm.
As 1n the GDBF method, all the bits of F are then flipped.

If the PGDBF and NGDBF decoding methods have better
error correction performance than the GDBF decoding
method because of their ability to depart from the local
extrema, they do however not equal the performance of the
decoding methods of the message passing type (BP or
Min-Sum for example).
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The aim of the present 1nvention 1s consequently to
propose a decoding method of the GDBF type, randomised
or not, that makes 1t possible to decode an LDPC code with
error correction performance close to that of message-
passing decoding messages or even better than these, with-
out being substantially more complex than the GDBF decod-
ing methods.

DESCRIPTION OF THE INVENTION

The present invention 1s defined by a method for decoding
an LDPC code represented by a Tanner graph comprising N
variable nodes and M control nodes, each control node being
assoclated with a parity constraint relating to a plurality of
variable nodes, said decoding method operating on an
observable (y) representing the word to be decoded and
proceeding by successive 1terations, each iteration operating
on an estimated word (X) and, 1f the estimated word 1s not
a code word, determining a set (F) of the least reliable bits
of this word 1n order to be flipped before the following
iteration, the least reliable bits of the estimated word being
determined as those where the value of a local energy
function (E,) is less than a threshold value, the local energy
function of a bit comprising a first component proportional
to the correlation between this bit and a corresponding
element of the observable, a second component representing
the number of non-satisfied constraints in which said bit 1s
involved, said method being original 1n that the local energy
function further comprises a third component, referred to as
an inertial component, decreasing with the number (£ ) of
iterations performed since the last flipping of this bat.

According to a first embodiment, each bit in the set (F) of
the least reliable bats 1s flipped before the following 1teration.

According to a second embodiment, each bit in the set (F)
of the least reliable bits 1s flipped with a predetermined
probability p, 0<p<1, before the following iteration.

According to a third embodiment, to determine the set (F)
of the least reliable bits, a random noise of predetermined
variants (6°) is added to the value of the local energy
function (E,) before comparison with said threshold value.

Advantageously, the threshold value 1s determined from
the mimimum value of the local energy function on the bits
of the estimated word, increased by a predetermined margin
0>0.

Said threshold value may be adaptive and be a function of
the total number of 1terations performed since the start of
decoding.

Preferably, the iertial component of the local energy
function of a bit 1s a decreasing linear function of the number
of 1terations performed since the last flipping of this bat.

Alternatively, the mnertial component of the local energy
function of a bit 1s a linear function defined piecewise.

Preferably the local energy function of a bit 1s zero
beyond a predetermined value L.

In the latter case, 1n an 1nitialisation step, the number ¢
representing the number of 1iterations performed since the
last flipping of a bit can be mnitialised to a value ¢ =1, this
number being set to zero as soon as this bit 1s flipped, and
incremented at each iteration until 1t reaches said value L.

BRIEF DESCRIPTION OF THE DRAWINGS

Other features and advantages of the invention will
emerge from reading a preferential embodiment of the
invention described with reference to the accompanying
figures, among which:
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FIG. 1 shows schematically a flow diagram of a GDBF
decoding method for decoding an LDPC code, known from
the prior art;

FIG. 2 shows schematically a flow diagram of a method
for decoding an LDPC code according to one embodiment
of the present 1invention;

FIGS. 3A and 3B illustrate the performances of decoding
methods of the GDBF type known from the prior art and of
a decoding method according to an embodiment of the
present invention, in the case of a binary symmetric channel,
respectively for a first and for a second example of an LDPC
code;

FIGS. 4A and 4B 1llustrate the performances of decoding
methods of the GDBF type known from the prior art and of
a decoding method according to an embodiment of the
present invention 1n the case of an AWGN channel, respec-
tively for a first and for a second example of an LDPC code.

DETAILED DESCRIPTION OF PARTICULAR
EMBODIMENTS

We shall consider hereinafter a method for GDBF decod-
ing of an LDPC code, 1n the form of a randomised variant
such as PGDBF or NGDBEF, as described 1n the introductory
part.

The 1dea at the basis of the invention 1s to add an 1nertial
component to the local energy function. The purpose of this
component 1s to reduce the probability of a bit being flipped
if 1t has already recently been flipped during a previous
iteration. In other words, an inertia effect 1s introduced
obliging the iterative decoding algorithm to seek the maxi-
mum of the energy function while keeping a certain direc-
tional coherence. This component makes 1t possible to avoid
oscillations between positions corresponding to local
extrema.

More precisely, the new energy function can be expressed
in the form, keeping the previous notations:

Ebox,y,+ > || xe + 0t (6)

meH(r) n’ cH(m)

where £ >1 1s defined as the number of iterations since the
last flipping of the bit x_ and p(£ ,) 1s the mnertial component
that 1s associated with 1 . Thus, 1 =1 1f the bit x, was flipped
at the last iteration, ¢ =2 1f 1t was flipped at the last iteration
but one, etc. Hereinafter, the local energy function in the
direction of x, will more simply be noted E .

It 1s supposed that the aforementioned inertial component
has a memory effect limited to a predetermined number L of
iterations. It can consequently be represented 1n the form of
a vector p of size L, 1.e. p=(p(1), p(2), . . ., p(L)), with
p(D)zp(2)= . .. 2p(L)>0, on the understanding that p(¢  )=0
for 1 >L.

At the start of the decoding, the number ¢  of iterations
since the last 1iteration of the bit, x _, 1s mni1tialised to L+1, this
for n=1, ..., N. If the bat x_ 1s flipped during an iteration,
the corresponding number £ _ 1s set to zero. It 1s systemati-
cally incremented by 1 at the start of each iteration without
however being able to exceed the maximum value, L+1. In
other words, 1f the bit X, was flipped at the previous 1teration,
the value £ =1 1s taken into account at the current 1teration
for calculating the local energy function.

According to a first embodiment of the invention, at the
end of each iterative decoding iteration, a set FL1{x |E <E_, }
of unreliable bits is determined where E,, is a fixed or
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adaptive threshold value, determined as specified below. The
bits of F are next flipped 1n preparation for the following

iteration.

According to a second embodiment of the invention,
corresponding to the PGDBF variant, each bit of F is flipped
randomly, with a probability 0<p<1 where p 1s a parameter
of the algorithm. In other words, for each bit belonging to F,
a random variable u 1s drawn, for example equally distrib-
uted over the interval [0,1], the bit 1n question being flipped
if u<p and being kept unchanged otherwise.

According to a third embodiment of the invention, cor-
responding to the NGDBF variant, the set F of the unreliable
bits are randomised, i.e. FC{x |E.AZ <E,} where Z [N
(0,6°) is a centred Gaussian random variable of variance G-,
G~ being a parameter of the algorithm. In other words, to
each energy value of a bit a random noise sample 1s added,
for example a centred Gaussian noise of variance G-, the
energy value to which noise 1s thus added being compared
with said threshold value. In an equivalent fashion, the
energy value of each bit 1s compared with the sample of a
Gaussian random variable centred on E . and of variance 67,
a sample being drawn at each bit. Typically 6E,, will be
selected.

FIG. 2 shows schematically a flow diagram of a method
for decoding an LDPC code according a first embodiment of
the present invention.

At the step 210, an 1mitial estimation 1s made of the code
mode X from an observable y representing the word to be
decoded as at step 110. As before, the vector y can consist
of values of LLLRs and the binary word x consists of
corresponding sign values.

At step 215, the number ¢  of iterations since the last
flipping 1s also 1nitialised, for each of the bits x ,
n=1, ..., N. More precisely, £ =1L+1, n=1, ..., N.

An 1terative loop 1s next entered, wherein:

The syndrome of x 1s calculated at 220, 1.e. c

Fr1?

m=1, ..., M.
At 230, 1t 1s checked from the syndrome whether X 1s a
code word, that 1s to say whether c_=+1, Vme {1, ..., M}

or, 1n an equivalent fashion, whether

M
Zam =M.

m=1

If such 1s the case, the decoding algorithm supplies the
code word x at 235.

On the other hand, if the word 1s erroneous, i1t 1s deter-
mined at 240 whether the maximum number of iterations 1s
reached.

If so, an error indication 1s generated at 245.

If not, the step 250 continues by incrementing the
values £ of 1 without however exceeding the value L. In
other words, ¢ =min(f +1,L).

At the step 260, local energy values are calculated, E
n=1, ..., N, from expression (6).

The set F of the least reliable bits are next determined at
step 270. The set F consists of bits the local energy values
of which are lower than a threshold value E,,, calculated for
example as

e

E., = min N(En) + 0,

n=1....,

where 020 is a predetermined margin.
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At the step 280, the bits of x belonging to the set F are
flipped and step 220 1s returned to for a new 1teration.

A person skilled 1n the art will understand that the second
embodiment differs from the first 1n that, at the step 270, the
bits of the set F are not systematically flipped but are flipped
only with a predetermined probability p as indicated above.

In a similar fashion, the third embodiment differs from the
first 1n that, at the step 260, 1n order to determine whether a
bit belongs to the set F, a random noise sample is added to
the local energy of the bit, for example a Gaussian random
noise of variance 6~, before comparing it with the threshold
value, E .

The elements of the vector representing the mertial com-
ponent, p=(p(1l), p(2) . . ., p(LL)), can be determined 1n
various ways.

First of all, the elements of the vector p can be determined
by simulation of the Monte-Carlo type so as to optimise the
error correcting performance of the decoding method.

Alternatively, they can be obtained by a reinforcement
learning method wherein each state corresponds to a vector
P (the elements p(1), p(2), . . ., p(L.) are assumed to be
discretised), a reward being allocated when the decoding
supplies a code word, the reward being able to be propor-
tional to the difference P, . —P where P, _1s the maximum
number of iterations in the stop criterion and P 1s the number
of iterations performed in order to obtain the code word.

Alternatively again, 1t will be possible to proceed with an
exhaustive search 1n a restricted space.

More precisely, if it is noted that E =E_+p(# ) and if it is
assumed that the elements of the vector y are discretised,
that 1s to say take their values 1n the set 1-Q,. . ... Q). 0,
Q. ..., Q,}, the value of the local energy function E,
associated with the variable x_ 1s bounded by:

~(0Q,+d,)<E, <0 +d, (7)

where d. 1s the maximum degree of a variable node 1n the
Tanner graph.

If 1t 1s supposed now that at least one parity equation
associated with a control node 1s unsatisfied (failing that all
the parity equations would be satisfied and the word would

be a code word), there 1s at least one variable node x_ for
which:

E,<00,+(d,~2) (8)

isofar as an error on X, results 1n a difference of 2 1n a value
of ¢, _, me H(n).
The result 1s that the minimum energy value

Emr’n —

n=1

min (E,)
=1,... N

also satisfies:

Emini:an-l_(dv_z) (9)

Since the purpose of the inertial component 1s to increase
the energy of the bits that have recently been flipped, 1t can
be supposed that the mimimum E_ . 1s reached for a bit that
has not been flipped during the last L iterations, that 1s to say
the 1nertial component of which 1s zero p(£  )=0.

As a result, the threshold value E,, satisfies:

E,,<00,+Hd,~2)+6 (10)

If now p,,..=20Q +(2d,~2)+0o+€, is defined, it will be
understood that, as soon as a variable node x,, has a local
energy value E_ with an 1nertial component p(f )2p,, . :

(11)

E =F +p(* D200, +Hd ~2+8+e>F,,
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and therefore that x, will not be flipped during the current
iteration.

It can therefore be concluded {rom this that
o(£)=p,. ., £=1,..., Linsofar as a value higher than p_ .
would prevent any flipping of a bit as soon as the number of
iterations since the last thipping thereof would be equal to £ .

This property makes 1t possible to restrict the search for

possible values of p(1), p(2), . .., p(L) to a restricted zone
of ([(1%)", namely the one defined by:

PoP(Lzp2)z . . . 2p(L)>0 (12)

Thus, 1t will be possible 1mitially to fix a value of L and
then make a search by brute force among the L-tuplets p(1),
0(2), . .., p(L) of discretised values satistying (12) and
leading to the smallest error rate. Alternatively, 1t will be
possible to use a genetic algorithm with operations of
mutation, combination and selection of the vectors p 1n order
to seek the one corresponding to the lowest error rate.

In all cases this optimisation of the elements of p can be
done once and for all offline.

According to another approach, it will be possible to
express the mnertial component p(f ) as a linear or polyno-
mial function of the number I of iterations since the last
flipping. For example, 1n the linear case the mertial compo-
nent will have the following form:

p(f’:’? )Z—QE +£;{.,E =1,....,L (13)

with a,b>0. The maximum value, p, ., of the inertial
component will then be selected so that:

=p(l)=—a+b (14-1)

pmm-:

and the minimum value of this component must be positive,
1.€.:

0(L)=—al+b>0 (14-2)

Finally, optimisation of the elements of p will be reduced
to the search for the parameters a,b.

A person skilled 1n the art will be able to envisage other
parametric expressions of p(£ ) without departing from the
scope of the present mnvention. Thus p(£ ) will be able to be
sought as a decreasing polynomial expression on [1,L].

For high values of L, it will also be possible to define the
function p(f ) piecewise, for example as a linear or even
constant function by pieces, 1n which case:

p(L)=. .. =p(£ )>p(L +1)=. .. =p(£)>...>

p(f 41)=. .. =p)>0 (15)

with 1<l <£, . . . <€ <[L defining the bounds of the
intervals in question.

The differences 1n performance between the method for
decoding LDPC code according to the present invention and

the methods known from the prior art are illustrated by
means of FIGS. 3A-3B and 4A-4B.

The first LDPC code was a regular code (4,8), of rate
R=0.3, of length N=1296 bits. It will be recalled that a code
1s regular when all the variable nodes have the same degree,
d,, and all the control nodes also have the same degree, d
in the Tanner graph. The degrees of the variable nodes and

of the control nodes were respectively d, =4 and d_=8.

The second LDPC code was a regular code (6,32), of rate
R=0.84, of length N=2048 bits. The degrees of the variable
nodes and of the control nodes were respectively d =6 and
d =32. This code comes from IEEE 802.3an (Ethernet 10
Gbaits/s on twisted pair).

The decoding methods known from the prior art have
been shown 1n the figures by their acronyms, namely:

BP, floating point: decoding by beliel propagation, tloat-
ing-point calculation;
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MS, quant (4,6): decoding by means of the Min-Sum
algorithm with 4-bit messages;

MS, floating point: decoding by means of the Min-Sum
algorithm, floating-point calculation;

BF: original method by bit tlipping (Gallagher);

GDBF: gradient descent bit thpping decoding method;

PGDBF: probabilistic gradient descent bit flipping
method.

The examples of decoding methods according to the
present invention are represented by:

GDBF-w/M: GDBF with inertial component (with
momentum )

PGDBF-w/M: PGDBF with 1nertial component (with
momentum)

In the case of FIGS. 3A and 3B, 1t has been supposed that
the channel was binary symmetric and the word error rate or
WER has been shown as a function of the probability of
switching of a bit onto the channel (BSC crossover prob-
ability).

The correlation coeflicient (GDBE/PGDBF methods with
or without 1nertia) was selected so that ¢=1.0 for the first
LDPC code and ¢=2.0 for the second LDPC code.

The margin & in the threshold value E,, (GDBF/PGDBF
methods with or without inertia) was selected as zero
whether for the first or the second LDPC code.

The probability of tlipping p 1n the PGDBF and PGDBF-
w/M methods was selected so that p=0.9 for decoding the
first LDPC code and p=0.8 for decoding the second LDPC
code.

For decoding the first LDPC code with the GDBF-w/M
and PGDBF-w/M methods, the mertial component was the
dimension L.=3 with p=[4 2 1].

For decoding the second LDPC code with the GDBF-w/M
and PGDBF-w/M methods, the mertial component was the
dimension L=4 with p=[4 3 2 1].

It will be noted that introducing an inertial component
substantially improves the GDBF and PGDBF decodings.
Furthermore, the GDBF-w/M decoding has better perfor-
mance than the PGDBF decoding, even though the first does
not use randomisation for flipping. Furthermore, the
PGDBF-w/M decoding of the first or second code does not
show any error floor as far as WER levels of around 1077,
Finally, decoding the second LDPC code by the GDBF-w/M
method or by the PGDBF-w/M method have equivalent
performances, these performances being of the same order
as, or even better than, those of the beliel propagation BP
method 1n the region of the error tloor.

In the case of FIGS. 4A and 4B, 1t has been supposed that
the channel was of the AWGN type (1n other words affected
by Gaussian additive white noise) and the word error rate
(WER) has been shown.

The correlation coetlicient (GDBE/PGDBF methods with
or without 1nertia) was selected so that ¢=1.8 for the first
LDPC code and a=4.5 for the second LDPC code.

The margin  in the threshold value E,, (GDBF/PGDBF
methods with or without inertia) was selected equal to 1.1
for the first LDPC code and 1.2 for the second LDPC code.

The thpping probability p 1n the PGDBF and PGDBF-
w/M methods was selected so that p=0.9 for decoding the
first LDPC code and p=0.8 for decoding the second LDPC
code.

For decoding the first LDPC code with the GDBF-w/M
and PGDBF-w/M methods, the mertial component was the
dimension L=7 with p=[22 22 2 1 1].

For decoding the second LDPC code with the GDBF-w/M
and PGDBF-w/M methods, the mertial component was the
dimension L=4 with p=[3 3 2 1].
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It will be noted that the GDBF-w/M and PGDBF-w/M
decodings have substantially the same performances in the
waterfall region and even exceed those of the floating-point
MS decoding even i1f the GDBF-w/M decoding has lower
performance than PGDBF-w/M 1n the floor region. The
performance of the PGDBF-w/M decoding approaches (first
LDPC code) or even attains (second LDPC code) those of
the beliel propagation decoding with floating-point calcula-
tion (floating-point BP).

In general, the GDBF or PGDBF decoding methods with
inertial component make 1t possible to obtain performances
(in terms of WER as a function of the signal to noise ratio)
comparable to those of a belief-propagation (BP) decoding
method or even better 1n the error floor region. The decoding,
methods according to the invention are therefore particularly
advantageous 1n the cases where the error floor 1s very low,
that 1s to say when the Tanner graph has a high degree of
connectivity d_.

The invention claimed 1s:

1. A method for decoding, 1n a communication system, a
received LDPC code represented by a Tanner graph com-
prising N variable nodes and M control nodes, each control
node being associated with a parity constraint relating to a
plurality of variable nodes, the method comprising:

performing, by processing circuitry, successive iterations,

each iteration including

determining an estimated word from an observable
representing a word to be decoded;

when determining that the estimated word 1s not a code
word, determining a set of least reliable bits of the
estimated word to be flipped before a following
iteration, the least reliable bits of the estimated word
being determined as those where a value of a local
energy function of a bit 1s less than a threshold value,
the local energy function of the bit comprising a first
term proportional to a correlation between the bit and
a corresponding element of the observable, a second
term representing a number of non-satisfied con-
straints 1n which the bit 1s involved, and an 1nertial
term that decreases with a number of iterations
performed since a last thpping of the bit, and tlipping
bits 1n the estimated word based on the determined
least reliable bits: and
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when determining that the estimated word 1s a code
word, outputting the estimated code word as a

decoded LDPC code word.
2. The method for decoding an LDPC code according to
claim 1, turther comprising tlipping each bit in the set of
least reliable bits before the following iteration.

3. The method for decoding an LDPC code according to
claim 1, further comprising tlipping each bit in the set of
least reliable bits with a predetermined probability p, O<p<1,
betore the following iteration.

4. The method for decoding an LDPC code according to
claim 1, wherein, the step of determining the set of least
reliable bits comprises adding a random noise of predeter-
mined variance to the value of the local energy function
before comparison with said threshold value.

5. The method for decoding an LDPC code according to
claim 1, further comprising determining the threshold value
from the minimum value of the local energy function on the
bits of the estimated word, increased by a predetermined
margin 0=0.

6. The method for decoding an LDPC code according to
claiam 1, wherein the threshold value 1s adaptive and 1s a
function of a total number of iterations implemented since a
start ol decoding.

7. The method for decoding an LDPC code according to
claiam 1, wherein the inertial term of the local energy
function of the bit 1s a decreasing linear function of the
number of iterations implemented since the last tlipping of
the bit.

8. The method for decoding an LDPC code according to
claaim 1, wherein the inertial term of the local energy
function of the bit 1s a linear function defined piecewise.

9. The method for decoding an LDPC code according to
claim 1, wherein the local energy function of the bit 1s zero
beyond a predetermined number L of iterations.

10. The method for decoding an LDPC code according to
claim 9, turther comprising initializing the number of itera-
tions implemented since the last tlipping of the bit to a value
I__ =l the number being set to zero as soon as said bit 1s
tlipped, and incremented at each 1teration until said value L
1s reached.
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